Telomere-led chromosome movements are a conserved feature of Meiosis I prophase. Several roles have been proposed for such chromosome motion, including promoting homolog pairing and removing inappropriate chromosomal interactions. Here, we provide evidence in budding yeast that rapid chromosome movements affect homolog pairing and recombination. We found that csm4∆ strains, which are defective for telomere-led chromosome movements, show defects in homolog pairing as measured in a "one-dot/two-dot tetR-GFP" assay; however, pairing in csm4∆ eventually reaches near wild-type (WT) levels. Charged-to alanine scanning mutagenesis of CSM4 yielded one allele, csm4-3, that confers a csm4Δ-like delay in meiotic prophase but promotes high spore viability. The meiotic delay in csm4-3 strains is essential for spore viability because a null mutation (rad17Δ) in the Rad17 checkpoint protein suppresses the delay but confers a severe spore viability defect. csm4-3 mutants show a general defect in chromosome motion but an intermediate defect in chromosome pairing. Chromosome velocity analysis in live cells showed that while average chromosome velocity was strongly reduced in csm4-3, chromosomes in this mutant displayed occasional rapid movements. Lastly, we observed that spo11 mutants displaying lower levels of meiosis-induced double-strand breaks showed higher spore viability in the presence of the csm4-3 mutation compared to csm4Δ. Based on these observations, we propose that during meiotic prophase the presence of occasional fast moving chromosomes over an extended period of time is sufficient to promote WT levels of recombination and high spore viability; however, sustained and rapid chromosome movements are required to prevent a checkpoint response and promote efficient meiotic progression. Sonntag Brown et al. 3 
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INTRODUCTION
Cells that enter meiosis undergo a single round of DNA replication followed by two divisions to yield haploid gametes, such as sperm and eggs in humans, and spores in baker's yeast. Accurate segregation of chromosomes at the meiosis I (MI) and II (MII) divisions is a critical part of this process. Improper segregation can lead to aneuploidy, which in humans is a leading cause of infertility, miscarriages, and mental retardation (HASSOLD and HUNT 2001) .
One of the main causes of aneuploidy is nondisjunction of homologous chromosomes during MI.
In most organisms, at least one crossover per homolog pair is essential for MI disjunction (ROEDER 1997; ZICKLER and KLECKNER 1999) . Chromosome nondisjunction can occur if there are too few or too many crossovers, or if crossovers are not properly placed, such as in close proximity to centromeres and telomeres (HASSOLD and HUNT 2001; LACEFIELD AND MURRAY 2007; ROCKMILL, VOELKEL-MEIMAN and ROEDER 2006) . In the latter case, crossing over far from the centromere increases the likelihood of chromosomes segregating to the same spindle pole, resulting in aneuploidy (MARTINEZ-PEREZ and COLAIACOVO 2009; LACEFIELD and MURRAY 2007) .
In baker's yeast, crossing over is initiated in meiosis by the formation of Spo11-dependent DNA double strand breaks (DSBs; KEENEY 2001) . These breaks can be repaired as either crossovers or non-crossovers, with approximately 60% of the 140-170 DSBs processed as crossovers (BUHLER, BORDE, LICHTEN 2008; MANCERA et al. 2008) . In the interferencedependent crossover pathway, which leads to more widely-spaced crossovers, DSBs are processed to form single-end invasion intermediates (SEIs) that result from the invasion of a DSB end into an intact homolog. These intermediates undergo second-end capture with the intact homolog to form double Holliday junctions (dHJs) that are ultimately resolved to form crossovers (BÖRNER et al. 2004; SCHWACHA and KLECKNER 1995; ALLERS and LICHTEN 2001; LAO et al. 2008) .
During meiotic prophase in S. cerevisiae, distinct chromosome motions are observed which have been hypothesized to promote chromosome disjunction at MI. At the end of leptotene, telomeres attach to the nuclear envelope and move towards the spindle pole body, forming a bouquet-like structure (TRELLES-STICKEN, LOIDL and SCHERTHAN 1999; TRELLES-STICKEN et al. 2005) . This bouquet structure is transient, but has been proposed to play a role in meiotic crossing over, since mutants in a variety of organisms that are defective for bouquet formation show defective or altered steps in recombination (CHUA and ROEDER 1997; HARPER, GOLUBOVSKAYA and CANDE 2004; WU and BURGESS 2006; GOLUBOVSKAYA et al. 2002; WANAT et al. 2008; KOSAKA et al. 2008; DAVIS and SMITH 2006; YAMAMOTO et al. 1999; NIWA, SHIMANUKI and MIKI 2000; BASS 2003) .
The synaptonemal complex (SC), a proteinaceous structure that holds homologous chromosomes together and acts as a scaffold for crossing over, begins to form at the same time as bouquet formation (PAGE and HAWLEY 2004; JOSEPH and LUSTIG 2007) . After the bouquet stage ends, in early zygotene in baker's yeast, rapid prophase movements led by dispersed telomeres ensue concurrently with extension of the SC and continue into pachytene (SCHERTHAN et al. 2007; KOSZUL et al. 2008; CONRAD et al. 2008) . The SC dissolves in diplotene, leaving chiasmata, the physical manifestations of crossovers, intact (HARPER, GOLUBOVSKAYA and CANDE 2004) . The chromosomes then proceed through anaphase, and complete the MI division.
Many roles have been proposed for telomere-led movements seen in zygotene and pachytene. Studies have found that mutants defective in these movements have a small increase in ectopic recombination, suggesting motion may prevent ectopic interactions (GOLDMAN AND LICHTEN 2000; CHUA and ROEDER 1997) . Telomere-led movements have been proposed to untangle nonhomologous chromosomes, possibly from interlocks formed during SC formation (RASMUSSEN 1986; SCHERTHAN, BAHLER and KOHLI 1994; WANAT et al. 2008; STORLAZZI et al. 2010) . These movements have also been proposed to promote homolog pairing, SC formation, and sister chromatid cohesion (ROCKMILL and ROEDER 1998; HARPER, GOLUBOVSKAYA and CANDE 2004; SATO et al. 2009; SCHERTHAN et al. 1996) .
In budding yeast, Mps3, Ndj1, and Csm4 are required for bouquet formation and zygotene to pachytene telomere-led movements (TRELLES-STRICKEN, DRESSER and SCHERTHAN 2000; CONRAD et al. 2007; WANAT et al. 2008) . Mps3 interacts with Ndj1, which is a meiosis-specific protein that localizes to telomeres (CONRAD, DOMINGUEZ and DRESSER 1997; CHUA and ROEDER 1997) . Both Ndj1 and Mps3, a SUN domain nuclear envelope protein, are required to attach telomeres to the nuclear envelope, one of the key steps in forming a bouquet (CONRAD et al. 2007 ). Csm4, a cytoplasmic tail-anchored protein, interacts with both Ndj1 and Mps3 (RABITSCH et al. 2001; CONRAD et al. 2008; KOSAKA, SHINOHARA and SHINOHARA 2008) . Csm4 is not needed for telomere attachment to the nuclear envelope, but is required for rapid telomere-led movements during meiosis (CONRAD et al. 2008; KOSZUL et al. 2008; WANAT et al. 2008; KOSAKA, SHINOHARA and SHINOHARA 2008) . The cytoskeleton is also necessary for chromosome motion, because disruption of microtubules in S. pombe, or actin in budding yeast, arrests chromosome motion and prevents bouquet formation (YAMAMOTA et al. 1999; CHIKASHAGE, HARAGUCHI and HIRAOKA 2007; KOSZUL et al. 2008; TRELLES-STICKEN et al. 2005; SCHERTHAN et al. 2007) . The attachment of chromosomes through Mps3, Ndj1, and Csm4 to the actin cytoskeleton in budding yeast appears to be passive. Telomeres are thought to associate with dynamic cytoplasmic actin cables that hug the nucleus, with lead chromosome(s) directing the movement of other chromosomes (KOSZUL et al. 2008; CONRAD et al. 2008) . In support of this notion, chromosome motion occurs at a similar speed to actin cable extension (~0.3 µm/sec;
YANG and PON 2002).
Previous studies have shown Csm4 is important for MI disjunction of chromosomes (WANAT et al. 2008; KOSAKA, SHINOHARA and SHINOHARA 2008) . The csm4Δ mutation confers a spore viability defect (60-65% compared to ~90-95% for WT) with patterns of spore viability (prevalence of 4, 2, 0 viable spores) and chromosome segregations in twospore viable tetrads consistent with MI nondisjunction. Crossing over, however, is not decreased, but occurs at higher than WT levels (WANAT et al. 2008) . Furthermore, analysis of two spore viable tetrads that had undergone MI nondisjunction showed similar crossover levels to WT but differences in crossover placement (WANAT et al. 2008) . Lastly, all aspects of recombination after the initiation of DSBs are delayed in csm4Δ, resulting in an overall four to five hour delay in completion of MI.
In this study, we identified a defect in homolog pairing in csm4∆. We then analyzed a set of charged-to-alanine scanning mutagenesis alleles to tease apart the role of chromosome motion in pairing. We found one allele, csm4-3, that conferred high spore viability, but an MI delay similar to the null. We further characterized this allele, showing it confers a defect in chromosome motion and pairing, but each to a lesser degree than the null. Our data are consistent with sustained and rapid chromosome movements being required in meiosis to promote chromosome pairing and efficient meiotic progression.
MATERIALS AND METHODS
Media and yeast strains: Yeast strains were grown at 30˚C on YPD (YP (yeast, peptone) plus dextrose) supplemented with complete amino acid mix (ROSE, WINSTON and HIETER 1990) . Sporulation plates and other media have been described previously (WACH et al. 1994; WANAT et al. 2008) . When appropriate, minimal selective media, synthetic complete media supplemented with 5 µM copper sulfate, and YPD supplemented with complete amino acid mix and 3 mg/l cycloheximide were used (ROSE, WINSTON and HIETER 1990) . When required, Geneticin (Invitrogen) and hygromycin B (Calbiochem) were included in YPD media as previously described (GOLDSTEIN and MCCUSKER 1999) .
Parental strains (Table S1 ) in this work included the isogenic SK1 strain NHY943/NHY942 (DE LOS SANTOS et al. 2003) , the congenic SK1 strain EAY1108/EAY1112 (ARGUESO et al. 2004; TSUBOUCHI and ROEDER 2003) , Nup49-GFP and Zip1-GFP SK1 strains (KOSZUL et al. 2008) , one-dot/two-dot tetR-GFP pairing assay SK1 strains (MARSTON et al. 2004; BRAR et al. 2009; TOTH et al. 2000; ALEXANDRU et al. 2001 ) and SK1 spo11 hypomorph strains (DIAZ et al. 2002; HENDERSON and KEENEY 2004; MARTINI et al. 2006) . The spo11(Y135F)-HA3His6/spo11-HA genotype described by Keeney and colleagues (MARTINI et al. 2006 ) is referred to in this study as spo11-HA/yf.
Yeast strains were constructed using standard transformation protocols (GIETZ et al. 1995) and integration events were confirmed using PCR primers flanking insertion regions. Sitespecific mutations in csm4 were also confirmed by DNA sequencing of CSM4 DNA PCR amplified from the strain of interest. The csm4∆ allele contains a complete deletion of the open reading frame. csm4-3 contains two mutations, K22A and K24A. Other allele information can be found in Table S1 .
Alanine scanning mutagenesis:
The CSM4 one step integrating vector pEAA381 
Meiotic time courses:
Meiotic time courses were performed as follows: 0.35 ml of a saturated YPD overnight culture of the desired strain were inoculated into 200 ml YPA (YP + 2% potassium acetate) plus complete amino acid mix and grown for 16-17 hours at 30˚C. Cells in the YPA culture were spun down, washed once in 100 ml 1.0 % potassium acetate, resuspended in 100 ml 1.0 % potassium acetate, and then incubated with vigorous shaking at 30˚C. All strains for a single time course were grown in the same batch of media under identical conditions. The csm4 alleles were initially analyzed in the Nup49-GFP background. Strains bearing spo11 and rad17Δ mutations were analyzed in the NH942/NH943 and EAY1108/EAY1112 strain backgrounds, respectively.
Aliquots of cells at specific time points were DAPI stained to determine the percent of cell that completed at least the first meiotic division (cells in which 2, 3, or 4 nuclei were observed by DAPI staining; MI +/-MII; GALBRAITH et al. 1997) . Cells were visualized using Olympus BX60 microscope and at least 150 cells were counted for each time point. For each strain the time required for 40% cells to have completed MI was recorded and mutant phenotypes were presented with respect to the delay (hrs) in completing MI relative to WT.
Tetrad dissection and analysis: Diploids were constructed using the zero growth mating protocol (ARGUESO et al. 2003) . Haploid parental strains were mated for four to five hours on YPD plates before being spread onto sporulation plates. The plates were incubated at 30˚C for at least two days before dissection. All strains were dissected onto synthetic complete media. Colonies derived from germinated spores were incubated at 30˚C for two to three days before being replica-plated to appropriate selective media. Replica-plates were scored after a one-day incubation at 30˚C. The distributions of each tetrad type and map distances were calculated using RANA software (ARGUESO et al. 2004) .
Live cell imaging: Cells were observed at room temperature using a Zeiss Imager M2 fluorescent microscope equipped with DAPI, GFP, and TexRed filters, an Axiocam MR camera, and a ZipL Piezo Z device for acquiring z-stacks. Images were acquired using Axiovision software.
Nup49-GFP motion assays were conducted in live WT, csm4∆, and csm4-3 cells (KOSZUL et al. 2008) . Time courses were performed as described above. In initial studies, samples obtained from each time point were incubated at 4˚C overnight prior to analyzing Nup49-GFP motion by light microscopy. These assays have since been repeated in the absence of the 4˚C incubation step; no significant differences were seen in Nup49-GFP motion using the two methods. To maximize aeration of cells, at each time point 3 µl aliquots of vortexed cells were placed on an untreated glass slide and then covered with a cover slip. Only cells located near air bubbles were analyzed (KOSZUL, KAMEOKA and WEINER 2009) . Images were taken at one-second intervals with exposure times for Nup49-GFP cells ranging from 600 to 700 msec. Zip1-GFP time courses (KOSZUL et al. 2008) were analyzed in the same manner as in the Nup49-GFP experiments, but without including the 4˚C incubation step. The exposure time for Zip1-GFP cells was 600 msec. Chromosome velocities in the Zip1-GFP time courses were calculated using a manual tracking plugin on ImageJ. Clearly isolated chromosomes in a cell were manually marked at the telomere and monitored at each exposure time for at least 15 consecutive frames. This resulted in at least 15 velocity measurements for each chromosome.
Average speeds for each chromosome were calculated from the mean of the 15-25 velocity measurements. The maximum velocity seen between frames (~one-second intervals) for each chromosome was determined to be the maximum for that chromosome. 30 chromosomes from 30 independent cells were analyzed for each genotype.
One-dot/two-dot tetR-GFP time courses were performed, similar to BRAR et al, 2009, as follows. 0.35 ml of a saturated overnight YPD culture of the desired strain were inoculated into 100 ml YPA and grown for 16-17 hours at 30˚C. The YPA culture was subsequently washed once in 1% KAc, resuspended in 50 ml 1% KAc, and then incubated with vigorous shaking at 30˚C. Cell aliquots were taken at specific time points and examined with the GFP filter in Zstacks (~20 planes separated by 0.3 µm) with an exposure time of 150 msec. See "Media and Yeast Strains" and Table S1 for strain details.
RESULTS

Csm4 acts in chromosome pairing:
We used a one-dot/two-dot tetR-GFP assay developed by the Amon laboratory (BRAR et al. 2009 ) to test whether csm4∆ mutants display a defect in homolog pairing in meiosis. Diploid strains analyzed in this assay contain an array of tet operator (tetO) sequences in both copies of a particular locus (LYS2, TELV, and CENV).
These strains also contain a tet repressor (tetR)-GFP fusion construct present at another location.
A visible GFP focus is seen when tetR binds the tetO array. Pairing is assayed in unfixed cells by determining whether one (paired) or two (unpaired) clear GFP dots are observed ( Figure S1 ).
Strains used in the pairing assays contain the ndt80∆ mutation (NDT80 is required for exit from pachytene) so that maximum pairing levels can be assessed (WEINER and KLECKNER 1994; PEOPLES et al. 2002) . It is important to note that in our study, only strains used for live cell imaging contain the ndt80 mutation. Cells enter meiosis (T = 0) with a high level of one-dot cells which is thought to be due to residual somatic pairing and/or the Rabl orientation, where centromeres cluster during interphase (LOIDL, KLEIN and SCHERTHAN 1994; WEINER and KLECKNER, 1994; BURGESS, KLECKNER and WEINER 1999) . The one-dot phenotype is lost in the first few hours of meiosis, before SPO11-dependent pairing is observed (see BRAR et al. 2009 and Figure 1 for examples). Here, we use the term "pairing" loosely to incorporate a wide range of homolog interactions, ranging from the initial alignment of homologs (400 nM; ZICKLER and KLECKNER 1999) to DNA interactions (e.g. SEI formation) that occur after initial homolog interactions have occurred. Pairing was assayed at three distinct sites in the genome: LYS2, located on an arm of chromosome II, and TELV and CENV, located near a telomere and the centromere of chromosome V, respectively. Pairing was also assessed in strains containing tetO arrays at nonhomologous sites (LEU2 and CENV; URA3 and LYS2).
These strains allow us to visualize the loss of one-dot cells through meiotic prophase. They also serve as controls to measure the frequency of GFP dots that co-localize by chance.
We analyzed homolog pairing in WT and csm4∆ cells at LYS2, CENV, and TELV, and observed a pairing defect in csm4∆ (Figure 1 ). Pairing occurred with dynamics similar to WT for the first few hours after entry into sporulation media; however csm4Δ strains consistently reached a lower pairing level at all three loci ( Figure 1A , B, C; Figure S2 ). Furthermore, while csm4∆ reached near WT levels of pairing by 24 hours, there was a delay in reaching maximal pairing levels at all three loci. This delay could be due solely to the four to five hour meiotic delay in csm4∆; however this appears unlikely, because as discussed below, an allele with the same meiotic delay progressed through pairing more rapidly than the null. The slightly lower values of homolog pairing at 24 hours may be due to the slight sporulation defect seen in csm4Δ (WANAT et al. 2008) ; one possibility is that a small percentage of csm4Δ cells do not proceed to the homolog pairing stage of meiosis. However, csm4∆ showed a phenotype identical to WT when looking at nonhomologous loci ( Figure 1D and E). It is important to note that the initial high levels of pairing observed in the LEU2/CENV strains is likely due to LEU2 being near a centromere, and thus showing residual vegetative pairing with CENV due to the Rabl orientation.
Our data suggest that csm4∆ does not have a defect in removing the "pairing" seen between nonhomologous chromosomes at early stages in meiosis. The data also suggest that the csm4∆ strains do not have an increased likelihood in random overlap of GFP dots.
Analysis of csm4 alleles:
To further investigate whether the rapid chromosome motion that takes place during meiotic prophase is necessary for homolog pairing and spore viability, and to determine whether these phenotypes can be separated, we created a set of nineteen alleles of CSM4 by charged-to-alanine scanning mutagenesis ( Figure 2A ). This approach allowed mutagenesis of a large number of residues in Csm4 with the expectation that protein-protein interactions would involve solvent-exposed residues. csm4∆ has a low spore viability (~60%) and a long meiotic delay of four to five hours compared with WT. We analyzed meiotic delay and spore viability for these 19 mutants and found a wide range of spore viabilities, ranging from the null (60%) to WT (90%), as well as a wide range of meiotic delays, from no delay to a nulllike five-hour delay (Table 1 ; MATERIALS and METHODS). We found that the null alleles grouped into two regions of the proteins, from amino acids 31 to 66, and 100 to 111. This suggests that these two regions are important for function, and may contain an interaction domain for Ndj1 or Mps3, or a yet-to-be discovered interacting protein. As expected, a negative correlation was seen between meiotic delay and spore viability; as spore viability increased, the meiotic delay decreased ( Figure 2B ). One strain, csm4-3, is an outlier to this pattern, showing high spore viability and sporulation, but a meiotic delay similar to the null ( Figure 2C ).
Chromosome motion is strongly reduced in csm4-3: Telomere-led chromosome motion was studied for a subset of the csm4 mutants. Strains that showed near WT spore viability and no meiotic delay (csm4-1, 2, 12, 17, and 18) or those that showed null-like spore viability and a long meiotic delay (csm4-4, 6, 9, and 15) were not analyzed further (Table 1) .
Initially we analyzed motion in strains containing Nup49-GFP, a nuclear pore protein that marks the nuclear envelope (BELGAREH and DOYE 1997) . When chromosome movement occurs in meiotic prophase, chromosomes are rocketed into the nuclear envelope; this movement is clearly seen in WT strains expressing Nup49-GFP ( Figure 3A ; KOSZUL et al. 2008 ). The nuclear envelope distortions were seen beginning in zygotene and reached maximum levels during pachytene (four to six hours after induction of meiosis; KOSZUL et al. 2008) . Cells were assigned as having chromosome motion based on the presence or absence of nuclear envelope distortions (Table 1) . Mutants with null levels of Nup49-GFP motion (nuclear envelope appears spherical in csm4-3, 7, 8, and 14) all have long meiotic delays (ranging from 2.5-4.5 hours), but their spore viabilities varied greatly, from 63 to 88%. Mutants with intermediate to WT levels of motion (occasional nuclear envelope distortions in csm4-5, 10, 11, 13, 16, and 19 ) displayed intermediate to WT levels of spore viability (81-89%), however meiotic delays in these mutants ranged from no delay, to a four-hour delay.
As mentioned above, csm4-3 strains retain high spore viability but display a null-like MI delay and csm4Δ-like defect in the Nup49-GFP chromosome motion assay ( Figure 3A ). Since nuclear envelope distortions provide only an indirect measure of chromosome motion, we directly examined chromosome motion in strains expressing Zip1-GFP. Zip1 loads onto chromosomes in foci early in meiosis, and then localizes along the central element in fully synapsed chromosomes during zygotene and pachytene (CHUA and ROEDER 1998; BÖRNER, BAROT, and KLECKNER 2008) . Such a localization pattern is ideal for measuring chromosome motion (SCHERTHAN et al. 2007; KOSZUL et al. 2008; CONRAD et al. 2008; WANAT et al. 2008; KOSAKA, SHINOHARA and SHINOHARA 2008) . In WT strains in zygotene and pachytene expressing Zip1-GFP (T = 4 to 6 hrs after meiotic induction), chromosomes rapidly move within the nucleus, at rates up to 1.2 µm/sec, with an average velocity of 0.30 +/-0.08 (standard deviation, SD) µm/sec ( Figure 3B ). Similar to previous studies (KOSZUL et al. 2008; CONRAD et al. 2008) , chromosome motion is severely reduced in csm4∆ with a maximum velocity of 0.39 µm/sec and an average velocity of 0.12 +/-0.03 µm/sec. Chromosomes in csm4-3 reached a maximum velocity of 0.70 µm/sec and displayed an average velocity of 0.18 +/-0.04 µm/sec ( Figure 3B ), which differed significantly from the null (p < 0.0001 by one-sided Mann-Whitney test), mostly due to the contribution of a few chromosomes moving rapidly in csm4-3 (Figures 3, 4, 5) . The presence of occasional, fast moving chromosomes in csm4-3 is clearly seen in an analysis of chromosome velocity in consecutive one-second intervals for three representative chromosomes of each genotype ( Figure   5 ). For WT, 26% of chromosome movements were above 0.4 µM/sec; in contrast only 9.2% and 0% were above this value in csm4-3 and csm4Δ, respectively. Together these data suggest that high levels of chromosome motion are not essential to achieve WT levels of spore viability.
Homolog pairing is defective in csm4-3: csm4-3 strains show defects in chromosome motion in the Nup49-GFP and Zip1-GFP assays. If WT levels of chromosome movements are important for homolog pairing in meiosis, we would expect csm4-3 strains to show pairing defects. We analyzed the csm4-3 pairing phenotype in the one-dot/two-dot tetR-GFP assay (BRAR et al. 2009 ). As shown in Figure 6 , csm4-3 strains displayed similar kinetics for initial loss of chromosome pairing; however, at later time points, pairing in csm4-3 occurred more rapidly than in csm4Δ, but still slower than seen in WT. Similar to WT and the null, csm4-3 did not show any difference in dynamics or levels of nonhomologous pairing ( Figure 6D and E).
Together these data suggest that csm4-3 strains are capable of removing nonhomologous interactions as efficiently as WT. In addition, these observations suggest that the pairing defect in csm4∆ is not due solely to meiotic progression delays seen in the null, because csm4-3 displays a delay in completing MI similar to csm4Δ, but is more proficient than the null in chromosome pairing.
Chromosome motion is important for meiotic progression: Based on the above observations, we hypothesize that WT levels of chromosome motion, while not needed to maintain high spore viability, are important for promoting meiotic progression. To test this, we looked at the phenotype of csm4∆ and csm4-3 mutants in the presence of a deletion of the DNA damage checkpoint protein Rad17. As shown above, both csm4∆ and csm4-3 exhibit four to five hour delays in completing MI. Previously WANAT et al. (2008) examined physical recombination intermediates that occur in meiosis (DSB, SEI, dHJ) and found that in csm4Δ, recombination steps following DSB formation were delayed. Moreover, each stage was more progressively delayed than the previous step, with the largest delay occurring in the step from DSB to SEI formation. This suggests a major defect occurs in csm4Δ strains in an early step in recombination, possibly partner identification or juxtaposition (WANAT et al. 2008 ). The rad17Δ mutation was shown previously to eliminate meiotic delays in a variety of mutants, including dmc1∆, ndj1∆, and pch2∆ (WU and BURGESS, 2006; LYDALL et al. 1996; WU, HO and BURGESS 2010; GRUSHCOW et al. 1999) . We found that rad17∆ completely rescued the meiotic delay of both csm4∆ and csm4-3 (Figure 7A and B; WANAT et al. 2008) ; however spore viability was extremely low in both double mutants (1 to 3%) compared to 65% in csm4∆ and 88% in csm4-3 (Table 2 ). These observations suggest that the csm4-3 mutation elicits a checkpoint response that is required to maintain high spore viability.
One explanation for the poor spore viability phenotype seen in csm4Δ is that the mutant is defective in meiotic recombination progression and accumulates a small amount of recombination intermediates that are unrepaired and elicit the Rad17-dependent (recombination) checkpoint (WANAT et al. 2008) . The spo11∆ mutation rescues the MI delay of many meiotic recombination mutants. In most cases this phenotype can be explained by spo11Δ eliminating the formation of meiosis-induced DSBs and thus preventing the accumulation of DNA recombination intermediates in mutants that activate the Rad17-dependent checkpoint (e.g. WU and BURGESS, 2006; LYDALL et al. 1996; WU, HO and BURGESS 2010) . This loss of meiotic DSBs, however, results in spore inviability due to a loss in crossing over. We examined whether lowering the number of DSBs through a spo11 hypomorph mutation (MARTINI et al. 2006 ) could rescue the meiotic delay phenotypes of csm4∆ and csm4-3. We used a strain heterozygous for the spo11-HA and spo11-yf-HA alleles (referred to as spo11-HA/yf). This strain makes 30% of WT DSB levels (MARTINI et al. 2006; HENDERSON and KEENEY, 2004) .
We analyzed meiotic progression in csm4∆ spo11-HA/yf and csm4-3 spo11-HA/yf by DAPI staining, and saw in both cases a partial rescue of the meiotic delay ( Figure S3 ). Interestingly, spo11-HA/yf decreased spore viability by roughly the same amount in WT and csm4-3 strain backgrounds (17% in WT, 18% in csm4-3). However, spo11-HA/yf reduced spore viability to a greater extent in csm4Δ (35%; Table 2 ). The spore viability in both double mutants showed a pattern indicative of MI nondisjunction (4, 2, 0 > 3, 1 viable spores; Figure S4 ). We also measured genetic map distance on three chromosomes (III, VII, and VIII) in csm4-3 spo11-HA/yf and spo11-HA/yf (Table 2 and Table S3 ). Such an analysis could not be performed in csm4Δ spo11-HA/yf due to poor spore viability. Map distances in the two mutants were similar across each chromosome (total for all three chromosomes, 159 cM in csm4-3 spo11-HA/yf vs. 150 cM in spo11-HA/yf).
The partial rescue of the MI delay in csm4Δ spo11-HA/yf suggests that the csm4Δ pairing defect could cause poor or inappropriate repair of recombination intermediates. However, the double mutant analysis does not directly address why spore viability is greatly decreased in csm4Δ (see below and DISCUSSION). To further understand the role of Csm4 in meiotic recombination, we tested the effect of the pch2Δ mutation on the spore viability of csm4-3 and csm4Δ mutants. Pch2 is a meiotic protein proposed to play a role in the crossover/noncrossover decision, as well as in suppressing inappropriate repair of double-strand breaks (ZANDERS and ALANI 2009; JOSHI et al. 2009 ; S. ZANDERS, M. SONNTAG BROWN, C. CHEN, and E. ALANI, unpublished observations). pch2∆ mutants, which maintain WT levels of spore viability, are defective in crossover interference and have very high levels of crossing over (ZANDERS and ALANI 2009) . If csm4-3 is more effective in the repair of recombination intermediates than csm4Δ due to higher levels of chromosome motion and pairing, one might expect csm4-3 pch2∆ to show higher spore viability relative to csm4∆ pch2∆. As shown in Table 2 and Figure S4 , the pch2Δ mutation conferred a more severe effect on spore viability in csm4Δ strains (31% spore viability in csm4∆ pch2∆, a 53% decrease from csm4Δ) compared to csm4-3 strains (56% spore viability in csm4-3 pch2Δ, a 36% decrease from csm4-3). Both double mutants showed a spore viability pattern indicative of MI nondisjunction ( Figure S4 ).
Genetic map distances, as measured on chromosome XV, were much higher than WT in tetrads of csm4-3 pch2Δ and single spore data of csm4Δ pch2Δ (Table 2 and data not shown). This is expected because both csm4-3 and pch2∆ single mutants show increased crossing over (Table 2 ).
These data suggest that a lack of crossing over is not likely to be the cause of low spore viability in csm4Δ pch2Δ. In the DISCUSSION we interpret the csm4 spo11-HA/yf and csm4 pch2Δ analyses to suggest that chromosome motion is important for facilitating the MI division by controlling the placement of crossovers between homologs.
DISCUSSION
In this study we analyzed two mutants, csm4∆ and csm4-3, that show defects in telomereled chromosome motions during meiotic prophase in baker's yeast. Using the one-dot/two-dot tetR-GFP pairing assays, we found that both mutants showed delays in homolog pairing, with csm4Δ strains displaying more severe delays. Analysis of csm4-3 mutants in chromosome motion assays suggests that fast moving chromosomes could play an important role in homolog pairing and that the timing of pairing is likely to be important for meiotic progression.
At least two hypotheses have been proposed to explain the role of chromosome motion in baker's yeast meiosis. In one model, motion is important to directly pull apart nonhomologous interactions between chromosomes, such as nonhomologous pairings or interlocks that occur during SC formation (RASMUSSEN 1986; SCHERTHAN, BAHLER and KOHLI 1994; WANAT et al. 2008; STORLAZZI et al. 2010) . Our data appears inconsistent with motion being necessary to pull apart nonhomologous pairings, since in this view we would have expected either less and/or a delay in nonhomologous "unpairings" in csm4∆, which were not observed (Figure 1D and E; Figure 6D and E). At present, we do not have a suitable assay to monitor whether interlocks form during SC formation in baker' yeast, and if they did, whether they occur more frequently in csm4∆ or csm4-3. In a second model, fast chromosome movements contribute to pairing. Telomere-led chromosome movements could directly contribute to homolog pairing by bringing homologs together. They could also contribute indirectly by freeing chromosomes from inappropriate interactions, such as interlocks (described above). One observation that argues against the former possibility is that DSBs have been shown at one recombination hotspot, HIS4::LEU2, to have already engaged the homolog at the onset of zygotene, when chromosome motion initiates (KOSZUL et al. 2008; ZICKLER 2006; HUNTER and KLECKNER 2001) . However, it is unclear whether this hotspot is representative of the entire genome. The back and forth motion typically seen in telomere-led chromosome motion is more consistent with the pulling apart of unwanted interactions rather than facilitating pairing (see arguments in WANAT et al. 2008 , and as reported in KOSZUL et al. 2008; CONRAD et al. 2008) . It is important to note that some studies suggest that chromosome motion takes place prior to zygotene; for example, PARVINEN and SODERSTROM (1976) observed chromosome movements in rat spermatocytes in leptotene, and, in S. cerevisiae, movements were seen in leptotene in cells containing Rap1-GFP tagged chromosomes (TRELLES-STICKEN et al. 2005) .
Regardless of when motion initiates, our data show that chromosome motion is important for homolog pairing, directly and/or indirectly through removing inappropriate interactions.
Genetic analyses of csm4 mutations analyzed in combination with mutations that affect recombination (spo11, pch2) suggest that a lack of crossovers is not the cause of the low spore viability seen in csm4Δ spo11-HA/yf and csm4Δ pch2Δ (Table 2; Figure S4 ). We suggest that chromosome motion regulates the placement of crossovers that facilitate MI. This idea is supported by two previous studies in baker's yeast. ROCKMILL, VOELKEL-MEIMAN and ROEDER (2006) showed that defects in crossover placement in sgs1 mutants caused a significant increase in chromosome missegregation, primarily through precocious separation of sister chromatids. WANAT et al. (2008) found evidence of an altered distribution of crossovers in csm4∆ cells that underwent chromosome III MI nondisjunction compared to those with normal disjunction. Based on these observations and our data, we suggest that the increased chromosome motion seen in csm4-3 is important for crossover placements that promote an accurate MI division. Testing the crossover placement model in greater detail will require either genome-wide molecular methods (e.g. MANCERA et al. 2008) , or more completely marked chromosomes.
It is important to note that the synthetic defects in spore viability observed in csm4Δ spo11-HA/yf and csm4Δ pch2Δ could also be explained by fast moving chromosomes being necessary to remove SC interlocks, as discussed above. The pch2∆ mutation affects the localization of the SC components Hop1 and Zip1 on meiotic chromosomes (SAN-SEGUNDO and ROEDER 1999; BORNER, BAROT, and KLECKNER 2008), and spo11 hypomorphs also show defects in the SC (HENDERSON and KEENEY 2004) . If residual interlocks remain in csm4∆ cells, challenging these cells with additional SC defects could be detrimental, leading to the decreased spore viabilities seen in csm4∆ pch2∆ and csm4∆ spo11-HA/yf. S. pombe mutants defective in chromosome motion show a much more severe defect in meiosis than analogous mutants in budding yeast (SCHERTHAN, BAHLER and KOHLI 1994; CHIKASHIGE et al. 2006; MIKI et al. 2004) . This difference in phenotype illustrates the different requirements for chromosome motion in the two organisms. In contrast to budding yeast, fission yeast lack both synaptonemal complex (SC) and crossover interference. One possibility is that in organisms that lack SC chromosome motions play a more critical role in promoting homolog interactions. If chromosome motions are important for crossover placement, as suggested above, a more severe defect in meiosis might be expected in organisms that lack crossover interference. In budding yeast, which contains chromosomes as small as 230 KB, crossover interference plays an important role in ensuring widely spaced crossovers on all chromosomes (reviewed in MARTINEZ-PEREZ and COLAIÁCOVO 2009) . Chromosome motion may be less critical to regulate crossover placement in this system, because crossover interference could presumably perform this role, though less efficiently when chromosome motion is absent. Chromosome motion in budding yeast could thus serve as a backup to crossover interference, providing another way to promote pairing and disjunction on small chromosomes. Such a model explains the more severe spore viability defect seen in pch2Δ csm4Δ mutants that are defective in both crossover interference and motion. Thus the presence of the SC could strengthen/confirm interactions between homologous chromosomes that promote crossover placement and disjunction. In other organisms, such as pombe, that lack SC, chromosome motion would then play a more primary role in chromosome pairing and crossover placement.
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